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Abstract—Efficient and selective palladium porphyrins-catalyzed olimerization of tert-butyl acety- 
lene to form (3Z,5Z)-2,2,7,7-tetramethy]-3,6-dihalo-3,5-octadiene has been developed in environment- 
friendly ionic liquids. The reaction proceeded readily with effective recycling of the ionic liquids and 
easy isolation of the products. 


Keywords: Palladium porphyrins; ionic liquids; oligomerization; environment friendly. 


INTRODUCTION 


Conjugated 1,3-dienes are useful as building blocks in organic and pharmaceutical 
synthesis and are found in many natural and synthetic products that display a wide 
range of biological activities [1]. For these reasons, the development of efficient 
and selective methods for the synthesis of conjugated 1,3-dienes remains an area of 
current interest [2—10]. 

We have recently developed a selective approach, using palladium-catalyzed 
dimerization transformations of alkynes, to selectively construct a functionalized 
1,3-diene, i.e., (3Z,5Z)-2,2,7,7-tetramethyl-3,6-dichloro-3,5-octadiene. Traditional 
solvents were found to play an important role in controlling the chemoselectivity 
of palladium-chloride-catalyzed oligomerization reactions [11]. In the benzene/n- 
BuOH binary solvent system, 1,3,5-tri-tert-butylbenzene, (3Z,5Z)-2,2,7,7-tetramet- 
hyl-3,6-dichloro-3,5-octadiene and 2,2,7,7-tetramethyl-3,5-octadiyne were obtain- 
ed, respectively, by regulating the solvent. For example, when the reaction was done 
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in benzene/n-BuOH with a volume ratio of 10:0.6, the reaction gave exclusively 
cyclotrimerization product 2 (1,3,5-tert-butyl benzene, Scheme 1). It is interesting 
that a higher n-BuOH content in the binary solvent system leads to the higher 
tendency of forming 3 (Scheme 1, the reaction yielded 93% 3 when the benzene/n- 
BuOH volume ratio is 3:7.6). 

Note that 100% polar protic n-BuOH did not lead to higher yields of 3, since 
only 78% 3 was obtained. Thus, a small portion of apolar unprotic benzene was in 
favor of the dimerization process to form 3. However, noteworthy is that toxicity 
characteristics of co-solvent benzene limited the palladium-catalyzed dimerization 
transformations of tert-butyl acetylene to selectively construct functionalized 1,3- 
diene 3; besides, both benzene and n-BuOH are flammable and volatile. Thus, when 
seeking an alternative, environment-friendly reaction medium for synthesizing 
(3Z,5Z)-2,2,7,7-tetramethyl-3,6-dichloro-3,5-octadiene (a typical 1,3-diene), it is 
desirable if the product could be easily isolated from the reaction medium or if 
the reaction medium has the potential to be recycled several times. 

Ionic liquids (ILs), molten organic salts at or near room temperature, are more 
and increasingly applied as alternative reaction media for separations and organic 
transformations [12—17]. They represent an innovation in the way chemistry is 
carried out. This was enhanced by environmental and health considerations. In 
addition, ILs have desirable properties: negligible vapor pressure, non-volatile, 
non-flammable, high thermal, chemical and electrochemical stability, liquid over 
a wide temperature range, dissolution of many organic and inorganic compounds, 
etc. Their physicochemical properties can be tuned by the composition, so they are 
specially promising solvents for catalysis processes where selectivity, activity and 
stability of the catalysts are enhanced. Obviously, ILs meet our expectation: green 
media, easy isolation of products and potential for recycling. 
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It is surprising that only few reports on the palladium-catalyzed dimerization 
transformations of alkynes, selectively constructing functionalized conjugated 1,3- 
diene, have been described. Recently, we have carried out detailed work in 
developing palladium-catalyzed dimerization transformations of tert-butyl acety- 
lene to selectively construct (3Z,5Z)-2,2,7,7-tetramethyl-3,6-dichloro-3,5-octadiene 
in environment-friendly ILs. Experimental results encouraged us to synthesize, 
besides (3Z,5Z)-2,2,7,7-tetramethyl-3,6-dichloro-3,5-octadiene (3, Scheme 2), a 
novel product with similar structure. (3Z,5Z)-2,2,7,7-tetramethy1-3,6-dibromo-3,5- 
octadiene (4, Scheme 2, CuBr, was used as co-catalyst), was also isolated in our 
ILs-palladium porphyrins catalyst system. We noticed that there are two halides at 
the 3- and 6-positions of 3 and 4, which provides an attractive and useful route to 
introduce new groups for synthesizing natural products. Herein, we report some 
results in this program. 


EXPERIMENTAL 


IH- and '3C-NMR spectra were recorded on a Bruker AC 400 spectrometer in 
CDCI13 with TMS as an internal standard. IR spectra were obtained using a WQF- 
410 FT-IR spectrometer. GC-MS spectra were recorded on a HP 6890-5937 mass 
spectrometer. Elemental Analyses were performed on a Heraeus CHN-O Rapid 
elemental analyzer intrument. HF 254 plates were used for analytical thin-layer 
chromatography. fert-Butyl acetylene, porphine palladium, CuCl, CuBr, ILs 
((BDiMIM)Cl) and ((BMIM)Br) were purchased from commercial sources. 


General procedure for the palladium porphyrins-catalyzed oligomerization of 
tert-butyl acetylene in ionic liquids 


The reaction proceeded smoothly in ILs 5 or 6 in the presence of palladium- 
porphyrins and CuX, in a nitrogen atmosphere at 140°C for 26 h. Before any 
experiment, the ionic liquids were dried under high vacuum at 80°C for at least 
8 h to avoid water absorption. After completion, dry nitrogen was used for the 
reaction. After cooling, the reaction products were extracted with diethyl ether, 
leaving the catalyst in the ionic liquids ready for further reaction. The GC analysis 
of the product showed that reaction selectivity depends on the ILs and CuX. 


1,3,5-Tri-tert-butylbenzene (2) [18] 


Hexane/EtOAc (9:1) was used as the eluent. Solid, mp 70—73°C (lit. mp 73°C); 
"H-NMR 56: 1.207 (s, 27H), 6.523 (s, 3H); C-NMR ô: 28.9, 39.2, 117.9, 148.0; 
MS: m/z 246 (M*), 219, 202, 199, 183, 163, 157, 143, 123, 107, 91, 77, 65, 57, 
41, 29. 


(3Z,5Z)-2, 2,7, 7-tetramethyl-3,6-dichloro-3,5-dienes (3) [11] 


Hexane/EtOAc (3:7) was used as the eluent: white crystal, mp 67-68°C ; 'H-NMR 
(400 MHz) ô: 1.208 (s, 18H), 6.524 (s, 2H); C-NMR (75 MHz) ô: 28.8, 39.2, 
76.7, 77.0, 77.3, 117.9, 148.0; IR(CH2Cl,): 1589, 1421, 896, 738 cm~!; MS m/z: 
236 (M*(?7Cl)) 234 (M+ C5CD), 219, 199, 177, 163, 150, 143, 123, 107, 91, 77, 
57, 41, 28. Found: C, 61.56; H, 9.01; Cl, 29.42. 


Crystal data of 3 (Scheme 3) 


CoHioCl (M = 117.59) crystals were grown from petroleum ether, monoclinic, 
space group: P2(1)/n, a = 6.2780(8), b = 10.3432(14), c = 10.6927(15) Å, a = 
90, B = 105.3003), y = 90°, V = 669.72(16) A?, Z = 4, D. = 1.164 gem, 


Scheme 3. Crystal structure of 3 [11]. 


Palladium porphyrins-catalyzed oligomerization of tert-butyl acetylene 


à = 0.71073 A, T = 293(2), K, u = 0.450 mm7!, 4037 reflection measured, 1582 
unique (Rin, = 0.0750) were used in all calculations. Final R = 0.0454(obs.), 
0.0670(all); wR(F*) = 0.1140(obs.), 0.1222(all). 


(3Z,5Z)-2, 2, 7, 7-tetramethyl-3,6-dibromo-3,5-dienes (4) 


Hexane:EtOAc (3:7) was used as the eluent: white crystal, mp 74-75°C; 'H-NMR 
(400 MHz) ô: 1.230 (s, 18H), 6.590 (s, 2H); C-NMR (75 MHz) ô: 29.2, 29.6, 
31.6, 40.3, 119.4, 123.6, 144.7; IR(CH2Cl2): 1605, 1552, 1422, 896, 763 cm™!; 
MS m/z: 324 (M! + @'Br)), 322 (M! + (’Br)), 309, 245, 230, 213, 201, 187, 173, 
164, 149, 133, 121, 107, 91, 77, 57, 41, 29. Found: C, 44.41, H, 6.21; Br, 49.36. 


RESULTS AND DISCUSSION 


In developing the palladium-catalyzed dimerization of tert-butyl acetylene for selec- 
tive synthesis of (3Z,5Z)-2,2,7,7-tetramethyl-3 ,6-dihalo-3,5-octadiene in environ- 
ment friendly ILs, we chose palladium porphyrins (2,3,7,8,12,13,17,18-octaethyl- 
21H, 23H-porphine palladium(II), Scheme 4) as the catalyst, because of their ex- 
cellent catalytic efficiency. 

In Table 1, the detailed results of the palladium porphyrins-catalyzed oligomer- 
ization of tert-butyl acetylene in ionic liquids and, for comparison, in a traditional 
binary solvent system (benzene/n-BuOH) are reported. 

Catalyzed by palladium porphyrins, the reaction proceeded smoothly in 
1-butyl-2,3-dimethyl-imidazolium chloride, ((BDiMIM)Cl) (5), or 1-butyl-3-methyl- 
imidazolium bromide ((BMIM)Br)(6) in the presence of the co-catalyst CuX2 
(Scheme 2). When CuCl, was used as co-catalyst, (3Z,5Z)-2,2,7,7-tetramethyl- 
3,6-dichloro-3,5-octadiene (3) was obtained (when the reaction was carried out in 
5 at 140°C for 26 h, 86% yield of 3 was obtained, together with a trace of 2; entry 
1 in Table 1), whereas, when CuBr, was chosen as co-catalyst, (3Z,5Z)-2,2,7,7- 
tetramethy1-3,6-dibromo-3,5-octadiene (4) instead of 3 was obtained (in ILs 6 at 
140 for 26 h, 89% yield of 4, as well as a trace of 2 was obtained; entry 7 in Ta- 
ble 1). It is interesting that, when Yb(OTf)3(or Ce2(CO3)3) instead of CuX, was 


Scheme 4. The structure of palladium porphyrins. 


Table 1. 
Porphine palladium-catalyzed dimerization of tert-butyl acetylene in ILs 


Entry IL Co-catalyst Time T Yield (%)P 
(h) CO) 
3 4 2 
1 5 CuCl? 26 140 86 0 Trace 
2 5 CuCl2 15 140 55 0 2 
3 5 CuCl? 32 140 79 0 Trace 
4 5 CuCl? 26 125 46 (0) 8 
5 5 CuCl2 26 150 81 (0) 0 
6 6 CuCl 26 140 72 4 3 
7 6 CuBr2 26 140 0 89 Trace 
8 6 CuBr2 16 140 0 52 2 
9 5 CuBr2 26 140 6 68 0 
10 5 Ce2(CO3)3 26 140 5 0 75 
11 6 Ce2(CO3)3 26 140 0 6 719 
12 5 Yb(OTP)3 26 140 4 0 65 
13 6 Yb(OTP)3 26 140 0 7 63 
14 5 — 26 140 5 0 51 
15 6 —. 26 140 0 6 56 
16 = =a 12 40 93 0 0 
18 — ia 12 40 0 92 0 


“Reaction conditions: the mixture of tert-butyl acetylene 1 (1 mmol) and porphyrins palladium 7 
(133.16 mg, substrate/porphyrin molar ratio = 4800:1) was stirred at desired temperature with IL 
5 or 6 (substrate/ionic liquids volume ratio = 1:3) in the presence of co-catalyst(2 mmol, CuX2, 
Ce2(CO3)3 or Yb(OTP)3). 

» Yields determined by GC analysis. 

“Tn the absence of co-catalyst. 

d'In benzene/n-BuOH (10.6 ml, volume ratio 3:7.6) instead of ILs 5 or 6. 


used as co-catalyst, the reaction proceeded readily to give the major cyclotrimeriza- 
tion product 2, together with low yields of 3 or 4 as by-product (entries 10-13 in 
Table 1). The yield of 3 and 4 declined to 51% and 56%, respectively, in the absence 
of co-catalyst (entries 14 and 15 and Table 1). 

In benzene/n-BuOH (volume ratio 3:7.6), 93% yield of 3 (CuCl, as co-catalyst) 
and 90% yield of 4 (CuBr as co-catalyst) was obtained instead of 2. 

The above-mentioned results show that both reaction media and co-catalysts affect 
the reaction. Besides, reaction temperature and reaction time also have a slight 
influence on the reaction. After a series of attempts (entries 1-5, 7 and 8 in Table 1), 
140°C was found to be the optimum temperature, together with 26 h as the optimum 
reaction time. 

Note that different ILs affect the results slightly. For example, the reaction was 
carried out smoothly in IL 5 at 140°C for 26 h with 86% yield of 3 (entry 1 in 
Table 1), whereas, when IL 6 was used to replace 5, 4% yield of 4 was also observed 
together with 72% yield of 3 (entry 6 in Table 1). Similarly, 6% yield of 3 was 
isolated together with 68% major product 4 when IL 5 was used to replace 6 (entry 


9 in Table 1). The reason for these results lies in anions difference between ILs 5 
(Cl) and 6 (Br). 

Table 1 shows that the results obtained by using IL 5 in the process of synthesizing 
3 are superior to IL 6, while the results obtained in IL 6 are superior to 5 when the 
synthesis of product 4 is considered. 

In this reaction system, the products are easier to isolate from the reaction mixture, 
compared to traditional solvents. 

Reactivity and selectivity found with the title reaction are important per se. 
However, we feel that the recycling of the ILs is even more important: improper 
disposal of IL, though non-volatile, non-flammable as it is, would still lead to 
new pollution of the environment (because of the minimal degradation in the 
environment), and at the same time ILs are also expensive reagents; thus, much 
attention needs to be paid to re-use of the ILs. Although the yields obtained in 
ILs did not seem to be superior to those obtained with traditional solvents, we 
feel that the recycling possibility and environment-friendly characteristics of ILs 
are two biggest light spots attracting us. With the porphyrins palladium-CuX, (or 
Ce (CO3)3, etc.) catalyst system we still need to ascertain the disposal for further 
recycling. Further recycling investigations and application of this reaction and these 
products in organic synthesis are currently under progress in our laboratory. 

Table 2 shows the efficiency of the reaction in IL 6 after 5 runs with tert-butyl 
acetylene as substrate. As reported in Table 2, it is clear that recycling of the ILs 
slightly affects the conversion and the yields of the product. 

Water content of the IL might also influence the reaction slightly, which could be 
stabilized by vacuum pumping. 

Based on our previous work [19—22], we feel that ILs are superior to supercritical 
carbon dioxide (scCOz); use of a co-solvent (e.g., methanol) in the reaction process 
limited the advantages of scCO, as a green reaction medium, from a viewpoint of 
environmental as well as recycling efficiency. 


Table 2. 
Conversion of 1 with subsequent use of recycling ionic liquids“ 


Run Conversion (%)° Yield of 4(%) Yield of 2 (%) 
1 100 89 Trace 
2 99 83 Trace 
3 99 84 Trace 
4 96 71 Trace 
5 97 73 Trace 


4 Ionic liquid 6 was used, the reaction was conducted at 140°C for 26 h. After each run, the residue 
of porphyrins palladium-CuBry catalyst was filtered (for further disposal for recycling) and new active 
porphyrins palladium-CuBrp catalyst was added. 

P Detected by GC. 


In conclusion, the properties of the [Ls-porphyrins palladium system makes the 
oligomerization of tert-butyl acetylene to form (3Z,5Z)-2,2,7,7-tetramethy1-3,6- 
dihalo-3,5-octadiene very appealing. 
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